Abstract-The performance assessment of maritime microwave communications and radar systems requires accounting simultaneously for the non-homogeneous propagation medium over the sea and the rough sea surface scattering. The tropospheric ducting, specific for over water propagation, is one of the most difficult to treat propagation mechanisms. The proposed work combines a recently published in the literature phase correction, responsible for the shadowing effects, to the Ament rough surface reflection coefficient and the Parabolic Equation method (as implemented in the Advanced Propagation Model) to simulate the microwave propagation over the sea under evaporation duct conditions. Propagation factor and path loss results calculated for phase-corrected Ament, non-phase-corrected Ament and the other widely used, Miller-Brown, rough surface reflection coefficient are compared and discussed. The main effects from the accounting of the shadowing result in the shift of the interference minima and maxima of the propagation factor, changes in the path loss pattern and destruction of the trapping property of the duct.
INTRODUCTION
In coastal and maritime regions the microwave propagation is affected by the high variability with space and time of the meteorological parameters. This variability leads to respective changes in the tropospheric refractive index n [1, 2] . The vertical change of the refractivity N (N = (n − 1)10 6 ) is of predominant importance and Table 1 where the relations are given also in terms of modified refractivity M [1] [2] [3] . The modified refractivity is defined as M = N + (z/a e )10 6 with z the height above the surface and a ethe earth's radius. The introduction of M is made for two reasons: a) the appearance of negative M gradient indicates immediately the formation of the most severe case among the four refractive condition types -the ducting; b) the introduction of M allows the use of the flattened-Earth concept [2] when one is interested in low heights above the Earth surface.
The ducting is present for small percent of time but it seriously influences the radar [3, 4] and communications systems [5] [6] [7] [8] working in the microwave range: the rays' bending under ducting differs from that for standard troposphere and provokes erroneous precipitation detection by ground-based meteorological radars, the electromagnetic energy trapping within the ducts leads to trans-horizon signal propagation, reflections from upper refractive layers cause mulipath fading, etc. Depending on the physical mechanism of their formation, the tropospheric ducts are subdivided in different types -here we are interested in evaporation ducts for which the negative gradient of M is due to evaporation from large bodies of water [9] . Ducts due to evaporation are a common occurrence above the sea at lower latitudes and even in moderate latitudes they are not an occasional event [3, 10] . The ducting over water and in flat coastal areas is considered to be the major short-term interference mechanism [11] in these regions. The increase of frequency sharing between different radar and communications systems makes the accurate prediction of signals likely to cause interference even for a short time an important task [12] ; still more this is true for regions affected by ducting.
The correct assessment of the coverage of the maritime microwave systems requires simultaneous accounting for the non-homogeneous propagation medium over the sea and the rough sea surface scattering. There is no rigorous solution to this problem suitable for practical usage. The parabolic equation (PE) approximate technique, proven to be computationally fast and accurate in handling wave propagation in complex environments, is often used with the effects of roughness incorporated through an approximate rough surface reflection coefficient [13] [14] [15] [16] [17] . In the propagation over the ocean studies, the surface roughness effects are accounted for by defining an "effective" reflection coefficient, R eff , representing the Fresnel reflection coefficient from flat surface multiplied by a Roughness Reduction Factor (RRF) [14] . Two RRFs have been widely used: the Ament coefficient [18] and Miller-Brown one [19] . The comparisons of the propagation prediction results obtained with these two rough surface reflection coefficients to the propagation measurements do not allow concluding which of them is more accurate neither there is in the open literature a definitive explanation of some discrepancies between the propagation modeling and the observed experimental resultssee the discussions in [20] [21] [22] . Both correcting coefficients affect only the magnitude of the complex Fresnel reflection coefficient by multiplying it with a real number. Recently, theoretical investigations have been carried out in order to improve the accuracy in accounting for the effects of ocean roughness on radio wave propagation by introducing a phase correction, responsible for the shadowing, to the Ament coefficient [23] . At grazing incidence angles under which the electromagnetic energy trapping occurs in the ducts, the nonaccounting for the shadowing may lead to a wrong prediction of the field strength and overestimation of the coverage range.
The proposed work combines the phase-corrected Ament RRF obtained in [23] and the PE method as implemented in the Advanced Propagation Model (APM) [14, 24] to compute the propagation factor (PF) for microwave propagation over the ocean under evaporation duct conditions. A comparison is made between the PFs calculated for phase-corrected Ament, non-phase-corrected Ament and Miller-Brown rough surface reflection coefficients. Path loss (PL) results are given as well. The introduction of the shadowing in the propagation model leads to the following main effects: shift of the interference minima and maxima of the propagation factor, changes in the path loss pattern, reduction of the long-range ducted propagation.
THEORETICAL BACKGROUNDS
In this section, a brief description is given of the shadowing due to sea surface roughness and the PE method as used later in the paper.
The introduction of the shadowing follows strictly [23] . In [23] , a Probability Density Function (PDF) has been derived for the illuminated points only of a one-dimensional rough surface with Gaussian statistics of heights and slopes and for forward propagation. This newly derived illumination height PDF has been used to obtain the RRF R rf (1) which accounts for the shadowing [23] :
where:
In the above formulae k is the wave number in free space; ϕ is the plane wave grazing incidence angle to the rough surface; ξ and γ are the surface height and slope; σ ξ and σ γ are the standard deviations of ξ and γ, respectively; z = ξ/(2 1/2 σ ξ ) stands for the normalized height; m ξ ,σ ξ andm z ,σ z are the mean value and standard deviation of the illuminated surface heights and the illuminated normalized heights, respectively. The RRF (1) is obtained using the same statistics as the one assumed for the derivation of the original Ament RRF, R A , given by (7) [18] :
Expression (8) below gives the Miller-Brown RRF, R M −B , [19] . In (7) and (8) (8) is the modified Bessel function of the first kind of order zero.
Note that the RRF (1) not only introduces a phase to the Ament's correction coefficient R A (7) but also corrects its amplitude by the introduction ofσ ξ instead of σ ξ (this is not just an intuitive inclusion of a phase change to account for the path difference between rough and smooth surface in the case of plane wave incidence as it is done in [20] ). Note also that the R M −B (8) is derived using PDF obtained for sea surface formed by random variable whose amplitude has Gaussian distribution with zero mean and whose phase is uniformly distributed in the interval [−π/2, π/2] -this statistics differs from the statistics for whichm ξ andσ ξ in (1) are obtained, i.e., their automatic application to Miller-Brown coefficient will not be correct.
The "effective" reflection coefficient R eff is defined as [14] :
where R F is the complex Fresnel reflection coefficient from smooth flat surface and the RRF R rf ac is given by (1), (7) or (8).
To use the above formula one needs values for σ ξ and σ γ . They are given by relations (10), see [23] for details on their derivation, where u 10 is the wind speed at 10 meters above the sea surface:
Formulae (1)- (10) combined with the Advanced Propagation Model (APM) routines [24] , which are based on a hybrid ray optics/PE method, are used to compute the PF and PL for microwave propagation over rough sea in the presence of evaporation duct. The parameters of the problem (grazing angles, low altitudes) require mainly the use of the PE-based part of the APM for which the electromagnetic field calculations are based on the two-dimensional (2D) narrow-angle forward-scatter scalar PE [14] given by (11) :
The PE method, and especially its 2D form (11) , is well documented in the literature [13-17, 25, 26] , so that here a very brief explanation is given. As paraxial approximation, the PE assumes the problem has some "preferred" propagation direction, say, the x-axis in a Cartesian coordinate system. In (11) , independence of all quantities from y coordinate is assumed, k is the free-space wave number, m = M 10 −6 +1 is the modified refractive index, U (x, z) is the reduced or slowvarying along the preferred propagation direction function obtained by factoring out the rapid fluctuations (the term exp(ikx)) of a transverse field component Ψ (E or H depending on the polarization), x and z stay for range and altitude. Equation (11) is obtained from the scalar wave equation after applying the far-field approximation (i.e., assuming kx 1) and the paraxial approximation (which means that |∂ 2 U/∂x 2 | k|∂U/∂x|). In addition, m 2 (x, z) must be slowly varying function in the direction of "preferred" propagation. The PE (11) has the advantage to be easily solved numerically through marching algorithms provided the field is known on an initial plane and adequate boundary conditions on the boundaries in the domain of interest are given. The primary drawback of the PE is that it neglects the backscattering which may be important when treating propagation over rough surfaces [25] . The tropospheric ducting problem involves electromagnetic field variations over scales much larger than the wavelength and grazing incident angles. Under these conditions the forward-propagated field plays dominant role [25] . This, with the gently undulation of the sea surface and smooth variation of the tropospheric refractive index with x assures the applicability of the paraxial approximation and (11) to the studied problem. Equation (11) is very accurate at angles within ±15 • of the preferred direction of propagation [14] .
The APM [24] is based on a split-step Fourier-transform (SSF) solution of the PE [13, 14] . The SSF allows larger step sizes and shorter computational time in comparison to Finite Difference [14] and Finite Element [17] based numerical solutions of (11), [14] . The last makes SSF adequate to solve long-range tropospheric radiowave propagation problems. In APM the PE is combined with the impedance boundary condition at the earth surface for the transverse field components [13] :
where α h,v is the surface impedance term with subscripts h, v referring to horizontal and vertical polarization, ϕ is the local grazing angle, Ψ is the respective field component depending on the polarization. Relation (13) provides direct relation of α h,v to the surface reflection coefficient thus allowing the introduction of the roughness effects through the "effective" reflection coefficient, R eff , which substitutes the smooth-surface Fresnel reflection coefficient in (13) . The SSF solution of (11) subject to the impedance boundary condition (12), (13) , firstly derived in [13] and further improved in [27] , is used in APM. A wide-angle propagator is also included that allows treating propagation problems requiring larger propagation angles with respect to the horizon; see [16] and the discussion in [15] about the introduction of the wide-angle propagator. The local grazing angles ϕ are determined by a combination of spectral estimation and geometric optics methods [15, 24] . The surface impedance characteristics are calculated as a function of frequency using permittivity and conductivity graphs given in [28] . In order to insure the radiation condition and prevent spurious reflections from the upper computational window boundary, an attenuation function (Tukey "window") is used to "filter" the field strength in the highest 1/4 of the calculation domain [16, 24] . The initial field U (0, z) required to start the calculation procedure is obtained using the relation between the far-field antenna pattern F (p) and the aperture field distribution A(z) which form a Fourier transform pair [14, 16] . Applying the boundary condition for perfectly conducting surface and image theory, U (0,z) is expressed through A(z − z a ) and A * (z + z a ) where z a is the antenna height. By Fourier-transforming U (0, z) one obtains the reduced function U (0, p) in angle (or p) space expressed via F (p) (which is normally a known function):
where p = k sin(θ) is the transform variable, θ is the angle from the horizontal, the first of Equation (14) refers to horizontal polarization, the second refers to vertical polarization. The antenna height is accounted for using the Fourier shift theorem; similarly, the antenna elevation angle θ s may be included in (14) by replacing F (p) by
is obtained applying inverse Fourier transform to (14) . The PE and APM have been extensively validated through simulations and measurements for different complicated environments, including the case of tropospheric ducting propagation, see [6, 8, 16, 26] .
In this study, the initial field is provided by an omni directional antenna (i.e., F (p) = 1 for all angles θ) and the PF (in decibels) is defined as the square of the ratio of the electric field amplitude E at a given point under specific conditions to the electric field amplitude E 0 received at the same point under free-space conditions where E participates with its polarization component which coincides with the polarization of E 0 [2] . Equation (15) gives the expression of the PF in terms of the reduced PE field U (x, z) as well as the relation between the PF and the quantity usually considered in radiowave propagation problems, the path loss, PL (PL in dB), [14] :
where λ is the free-space wavelength, r is the distance between the corresponding points and the first term in the right-hand side of the expression for the PL denotes the free-space loss.
RESULTS AND DISCUSSION
The implementation of the formulae accounting for the shadowing into the APM was tested through comparisons with simulation results reported in [23] for the case of standard troposphere, see Table 1 . Figure 1(a) shows an example of PF, computed with phase-corrected Ament RRF and APM, plotted versus height for fixed range. The parameters used for Figure 1 Figure 1(b) , the curve from Figure 1 (a) is superimposed on Figure 5 from [23] . A good agreement is seen between the red curve, computed with APM, and the continuous black line from [23] (the dashed curves on Figure 1 (b) belong to the results of [23] and do not refer to the work presented here).
For ducting propagation conditions, the evaporation duct is modelled by log-linear height profile of the modified refractivity M , (16), [29] :
where z 0 is the aerodynamic roughness parameter taken to be 1.
In [29] , Equation (16) has been obtained assuming thermally neutral troposphere, thus (16) does not account for the stability effects on the M (z) profile [14] . Nevertheless, propagation calculations and measurements have shown this neutral profile is a good practical approximation to the average behavior of the M (z) [30] and (16) has been widely used as input to propagation modeling under evaporation duct conditions [7, 8, 14, 17, 30] . Further discussion on the profile (16) may be found in [9] . All following examples are for vertically polarized waves. The PF versus height is plotted at fixed ranges. The PL is plotted versus range and height. As demonstrated in [23] , the shadowing effect introduced through RRF (1) has small influence on the PF if the ratio β = σ ξ /λ is close or lower than unity. The results reported here refer to values of σ ξ = 0.33 and σ ξ = 0.66 (corresponding to wind speed u 10 = 7 m/s and u 10 = 10 m/s, respectively) and frequencies F = 5 GHz and F = 10 GHz. The respective values of β are sufficiently higher than unity to make the effect of shadowing manifested: β = 5.5 and 11 for σ ξ = 0.33; β = 11 and 22 for σ ξ = 0.66. Figure 2 presents comparisons between PFs obtained with RRFs given by Equations (1), (7) and (8) In general, the surface roughness changes the PL pattern and
(f) (g) destroys the trapping property of the duct structure. Under the specific propagation parameters used here (especially the low heights), the Miller-Brown and original Ament RRFs give very similar PL patterns, the first one being closer to the smooth surface case. It appears that
(f) (g) the phase-corrected Ament RRF is the most "destructive" especially as far the long-range ducted propagation is concerned: the PL pattern in Figure 4 (g) for u 10 = 10 m/s resembles more the standard troposphere PL pattern than that of ducted propagation over smooth sea given in Figure 4 (a). Figure 4 (g) indicates that the expected strong increase of the coverage which is characteristic of ducted propagation will not be predicted if the shadowing is included in the propagation model. The strong duct (z d = 25 m) under which Figure 5 is obtained still preserves the energy trapping but for phase-corrected Ament RRF the PL pattern is "scattered" even for the lower u 10 = 7 m/s, see (f) and (g) from Figure 5 . This result is expected because the RRF (1) reduces in greatest degree (in comparison to (7) and (8)) the specular scattering thus reducing the coherence between the direct and reflected field.
For over sea propagation, the PL predictions based on the phasecorrected Ament RRF should be considered more reliable than those based on (7) or (8) [23] but it is to note that (1) neglects the diffraction on the rough surface. The wind direction which also influences the propagation over rough sea [31] as well as other mechanisms responsible for the sea roughness are not accounted for in this study.
CONCLUSION
This work presents the effects of the shadowing, as introduced in [23] , on the microwave propagation over rough sea surface under evaporation duct conditions. The inclusion of the shadowing is expected to improve the propagation modeling and increase the coincidence between predicted and measured field in this complicated environment. For long-range ducted propagation, due to the repeated reflections and grazing angles, the effect of shadowing is expected to increase. The higher frequencies are better guided by the duct but the criterion β = σ ξ /λ implies that the increase of the frequency increases the importance of the shadowing and thus the long-range propagation of higher frequencies is impeded. Subject of future investigation may be the relation between the pairs {duct thickness-duct strength} and {σ ξ , λ}. The accounting for the wind direction and the influence of other mechanisms leading to sea roughness besides the wind may be combined with the shadowing effect.
The RRF (1) is only one possible way to introduce the shadowing which was made under the supposition of Gaussian statistics of the surface. As mentioned in [21] , the statistics may differ from Gaussianity. A possible future investigation is to search if the shadowing or the deviation from the Gaussianity has more influence on the propagation factor. A further development of the presented study may be the implementation of tri-dimensional PE which will allow the inclusion of the diffuse scattering.
The examples reported here and the above considerations demonstrate the need of additional investigations, both theoretical and experimental, on the rough sea surface scattering.
The acquired knowledge will help transmission power, frequency and angle adjustments in order to improve microwave systems performance under the complicated propagation conditions in coastal and maritime areas.
